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A B S T R A C T   
Bimetallic nanoparticles have gained vivid attention due to their unique and synergistic properties. They can be 
used in fields such as solar cells, optics, sensing, as well as medicine. The generation of bimetallic nanoparticles, 
containing oxide phases of both magnetic and X-ray attenuating metals for bioimaging applications has been 
challenging with traditional chemical synthesis methods. An alternative is the generation of nanoparticles from 
binary oxide ceramics by laser ablation in liquid. However, the applicability of this technique for production of 
hybrid nanoparticles consisting of magnetic and X-ray absorbing elements has not been demonstrated yet. 
In this work, novel ceramics composed of bimetallic oxide phases of iron-tantalum, iron-tungsten, and iron- 
bismuth were produced by a reaction-sintering method. The bulk samples were characterized with scanning 
electron microscopy, energy dispersive X-ray spectroscopy, and X-ray diffractometry. Nanoparticles were pro-
duced in aqueous and ethanol solutions by employing a femtosecond laser and characterized with transmission 
electron microscopy, selected area electron diffraction, and energy dispersive X-ray spectroscopy. The results 
demonstrated that the production of binary oxide bulk ceramics and their subsequent laser ablation in liquids 
leads to the successful generation of bimetallic oxide nanoparticles, without a core-shell morphology. In addition, 
it was found that the ablation threshold fluence of bulk samples as well as the crystallinity of the synthesized 
nanoparticles is governed by both the nature of the metallic oxide ceramics and the employed liquid. The results 
pave the way for a single step generation of well-defined bimetallic nanoparticles by laser ablation that could 
potentially exhibit X-ray and magnetic absorption properties suitable for multimodal imaging applications.   
1. Introduction 
Nanoparticles (NPs) have become a ubiquitous part of modern science 
and technology in fields such as catalysis, optics, plasmonic, and 
biotechnology [1–4]. Bimetallic NPs are of special interest as they blend 
the tunable properties of their constituents, greatly expanding their 
application range [5,6]. This synergistic characteristic of the bimetallic 
NPs has made them attractive for (electro-)catalysis, analytics, super-
capacitors, green energy, and sensing [7–13]. The biomedical applications 
of bimetallic NPs have also been under investigation. Copper-silver NPs 
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have been used for their antimicrobial effects [14], while gold-palladium 
NPs show potential in photothermal cancer therapy [15]. In addition, 
bimetallic NPs can be used as contrast agents in multimodal imaging, 
which enables an early-stage diagnosis of cancerous tissue, reducing the 
mortality rate, and greatly improving the patient’s quality of life [16–24]. 
Among various multimodal imaging methods, simultaneous use of X-ray 
techniques (such as computed tomography and digital mammography) 
with magnetic resonance imaging (MRI) and contrast enhanced-MRI 
(CE-MRI) resulted in unique diagnostics properties [25]. This has led to 
the development of bimetallic NPs capable of combining a magnetic 
response and a high X-ray absorption coefficient [26–31]. Moreover, these 
hybrid NPs necessitate a high emission signal, high specificity, low cost, 
and high biocompatibility [32–34]. 
Iron oxide NPs especially maghemite (γ-Fe2O3) and magnetite 
(Fe3O4), are amongst the most widely studied biocompatible and 
biodegradable nanomaterials with magnetic properties [35–41]. NPs 
generated from metals with high atomic numbers such as gold [42,43], 
bismuth [44,45], tungsten [46], tantalum [47], and ytterbium [45,48] 
are examples of materials with X-ray attenuating applications [49,50]. 
Therefore, their combination with iron oxide NPs can lead to bimetallic 
NPs suitable for multimodal imaging applications. 
Various chemical approaches have been utilized to produce bime-
tallic NPs which integrate iron oxide with X-ray attenuating elements 
[27–31]. The incorporation of bismuth in the core of iron oxide NP was 
shown to support the magnetic contrast and a strong X-ray attenuation 
[51]. However, it has been demonstrated that during conventional 
chemical synthesis, bismuth may fail to enter the iron oxide lattice and 
bonds on the surface of nanoparticles similar to surfactants [29,30]. This 
core-shell morphology without lattice incorporation was also reported 
for the combination of iron oxide with Ta2O5 [52]. In addition, chemical 
methods mostly require expensive and/or toxic precursors as well as 
controlled atmospheres and often fail to be transferred from the labo-
ratory scale to industrial production [1,53,54]. Wet-chemical synthesis 
also requires long purification steps [55]. Hence, an alternative method 
for the successful production of well-defined, sustainable, and 
waste-free hybrid NPs is of great interest. 
A promising technique for the generation of oxide bimetallic NPs is 
laser ablation synthesis in solutions (LASiS) [56,57]. This is a 
cost-effective, simple, environmentally friendly, and single step method, 
where the NPs are synthesized directly in a liquid medium without 
contaminations and byproducts [58]. The successful large and industrial 
scale production of NPs with this method has also been established and 
productivities in the order of grams per hour are achievable [59,60]. The 
productivity of the NP generation is heavily driven by the ablation 
mechanism. Hence, as the nature of the target and the liquid, the laser 
parameters, as well as the surface morphology greatly determine the 
laser ablation process, they affect the productivity [61–65]. The ablation 
rate increases almost linearly with pulse energy, laser beam area at a 
given fluence, and pulse numbers [54]. However, there is a certain 
limitation based on the expansion lifetime of the cavitation bubble, as it 
can scatter the next pulse and reduce the energies reaching the target 
surface [56,66]. The NP properties such as size, shape, composition, 
crystallinity, and morphology can also be controlled based on the 
quality of ablation targets, the liquid medium, and the laser parameters 
[54,59,64–69]. 
In this work, the fabrication of hybrid bimetallic NPs with LASiS is 
demonstrated. Ceramic targets incorporating a magnetic iron oxide, and 
an oxide phase of a high atomic number metal (Ta, W, and Bi) are 
produced by a reaction-sintering method. These combine magnetic and 
X-ray attenuation potentials. NPs generated from the bulk samples by 
femtosecond laser ablation in water and ethanol are studied. Charac-
terization of the bulk material and NPs focuses on morphology, 
composition, and crystallinity. 
2. Materials and methods 
2.1. Bulk ceramic production 
In order to enable the incorporation of metallic elements with high 
atomic numbers in the iron oxide lattice, samples consisting of binary 
oxide phases were produced. A ceramic reaction-sintering method was 
employed, and commercial iron oxide powders were weighed and mixed 
with powdered oxide phases of Ta2O5, WO3, and Bi2O3 to obtain the 
stoichiometric phases FeTaO4, Fe2WO6, and FeBiO3 based on the cor-
responding phase equilibrium diagrams [70–74]. The resulting samples 
are denoted as Fe–Ta (iron-tantalum oxide ceramic), Fe–W (iron--
tungsten oxide ceramic), and Fe–Bi (iron-bismuth oxide ceramic). These 
mixtures were processed by attrition milling (Y2O3 stabilized ZrO2, 1 
mm diameter balls) for 2 h to decrease the particle size and homogenize 
the composition. Then, cylindrical bulk samples (10 mm in height and 
15 mm in diameter) were obtained via a biaxial pressing at 100 MPa. 
The obtained samples were thermal treated in a laboratory furnace at air 
with a 10 ◦C/min heating rate and 2 h of dwell time. After a few trials in 
order to reach almost completely oxide reactions, the selected 
reaction-sintering temperatures were chosen as 1400 ◦C, 1050 ◦C, and 
750 ◦C, for Fe–Ta, Fe–W, and Fe–Bi, respectively. The obtained materials 
were characterized by X-ray diffractometry (XRD; Bruker D8-advanced 
with a LYNXEYE Si-strip detector) to determine the phases. XRD pat-
terns were recorded from 10◦ to 70◦ (2θ) with a measurement time of 60 
min. In addition, scanning electron microscopy (SEM; Zeiss Supra 55 
VP) coupled with energy dispersive X-ray spectroscopy (EDX) were 
employed for characterization of microstructure and composition, 
respectively. Nine EDX spectra at various sites of the bulk samples were 
recorded and the quantitative results were averaged and presented in 
atomic percent (at.%). 
2.2. Laser threshold fluence determination 
An amplified Ti:Sapphire laser system delivering sub-30 fs pulses at a 
repetition rate of 5 kHz centered at 790 nm was employed. The bulk 
samples were positioned in a liquid cell and the beam was coupled in 
horizontally into the cell via a sapphire window. A custom optical sys-
tem was used for focus determination [75]. The bulk ceramics were 
placed inside the cell filled with water or ethanol solutions with 0.5% 
citric acid. Citric acid helps to form a stable dispersion of NPs and has 
been shown to stabilize an aqueous dispersion of magnetite NPs [76]. 
For the threshold fluence (Fth) determination, the D2-lnF technique was 
used [77,78]. Here D is the width of the ablated areas measured by an 
optical microscope (Olympus STM-MJS) and F is the laser fluence 
calculated with: 
F =
2 E
w2 π  
where E is the incident laser energy and w is the beam waist radius. w 
was determined by the knife edge method [79] in air to be (10.5 ± 0.1) 
μm. This value was corrected based on the refraction by the window and 
the liquid. E was also measured in air and the energy reaching the sur-
face of the sample was calculated based on the reflection and absorption 
losses of the sapphire window and the liquid. For the calculation of F, the 
corrected beam radii and energies were employed. The bulk ceramic 
samples were scanned at various fluences at a constant scanning velocity 
of 0.1 mm/s corresponding to N = 1206 overlapping pulses for water 
and N = 1221 in ethanol based on the different beam radii in the two 
liquids. 
2.3. Nanoparticle production 
NPs were produced by irradiating the bulk ceramics in a meander 
scanning mode at a constant velocity of 0.1 mm/s. Deionized water plus 
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0.5% citric acid as dispersant agent and ethanol (absolute, Sigma 
Aldrich) plus 0.5% citric acid were used. The laser pulse energy at the 
surface of the sample for NP generation was adjusted to 3.90 J cm− 2 for 
the aqueous solution and 3.77 J cm− 2 for the ethanol solution. The NPs 
were characterized by transmission electron microscopy (TEM; Philips 
CM200 TEM, LaB6 cathode, 200 kV acceleration voltage), together with 
selected area electron diffraction (SAED), and EDX. A small amount of 
the colloidal specimen was placed on a carbon-coated copper grid and 
the solution was evaporated at room temperature. 
3. Results and discussion 
3.1. Characterization of bulk samples 
Firstly, the produced ceramic materials were characterized to reveal 
the successful production of binary metal oxide phases. Based on the 
XRD results of the Fe–Ta sample (Fig. 1a), the presence of various 
crystalline phases was identified: three iron-tantalum oxide phases, 
FeTaO4 and FeTa2O6, with tetragonal symmetry [P42/mnm] as the 
majority, and Fe4Ta2O9 as additional phase with trigonal symmetry 
[P3c1] were present. Peaks also corresponded to the iron oxide phase 
hematite (α-Fe2O3), which could be an indication that a small fraction of 
the original iron oxide precursor has not reacted with the tantalum 
oxide. The XRD pattern of the Fe–W oxide ceramic (Fig. 1b) revealed the 
presence of crystalline Fe2WO6 phases with orthorhombic symmetry 
[Pbcn] and a small amount of Fe2O3 phase with a trigonal symmetry 
[R3c]. For Fe–Bi, a FeBiO3 phase with trigonal symmetry [R3c] and two 
additional cubic phases of Bi2O3 [Pn3m] and Fe0⋅5Bi12⋅5O20 [I23] were 
visible (Fig. 1c). These results confirmed the production of binary metal 
oxide ceramics. 
The presence of multiple oxide phases, as seen from the XRD results, 
give rise to the elemental compositions shown in Table 1 and measured 
by EDX. The averages and standard deviations of the compositions as 
well as ratios of the high atomic number metals to Fe (ME/Fe) and ox-
ygen to the metals, O/(ME + Fe) are also presented. The presence of 
various phases can be explained by the solid-state synthesis of the 
samples, leading to large diffusion paths and the generation of inter-
mediate phases. Additionally, segregation during the sintering process 
of the sample preparation may occur [80], which could lead to higher 
inhomogeneities. The observed iron oxide phases as seen in the XRD 
results also support this interpretation. The oxygen contents measured in 
EDX have a larger incertitude as they may have been affected by the 
production process of the bulk samples and/or their thermal treatment, 
handling, and storage in air. 
SEM micrographs revealed prominent variations between the mate-
rial topography. Fe–Ta (Fig. 2a) showed a rather smooth morphology 
with featureless regions in comparison to the other samples. Fe–W 
(Fig. 2b) contained larger inhomogeneities in the form of surface de-
fects, cracks, and pores. On the Fe–Bi bulk sample (Fig. 2c), a rough 
surface topography was observed, which could be related to a possible 
lack of densification during production. 
3.2. Laser ablation behavior 
The D2-lnF results are shown in Fig. 3a–c for Fe–Ta, Fe–W, and Fe–Bi 
respectively. As expected, the diameter of the ablated areas increases at 
higher incident fluences. The experimental data points are fitted with 
the D2-lnF model, and the fluence at which the width of the ablated area 
falls to zero, i.e. D(F) = 0 is defined as Fth. 
The results of Fth determination are depicted in Fig. 4. Fth was found 
to be larger for ablation under ethanol in comparison to water for all 
samples. This is in line with previous experiments on Fe samples at 
similar pulse numbers [64], where the higher Fth was related to the 
plasma-induced dissociation of ethanol, facilitating the formation of 
solid carbon particles and longer hydrocarbon molecules which absorb 
part of the laser radiation and decrease the beam intensity reaching the 
sample surface [81,82]. The values of Fth for Fe–Ta are clearly greater in 
both liquid environments in comparison to the other two samples. Fe–W 
in turn also shows a higher Fth than Fe–Bi. This trend of decreasing Fth 
can be well explained based on the morphology of the bulk samples as 
seen in Fig. 2: While Fe–Ta has the smoothest morphology, Fe–W shows 
a certain density of surface defects, which are even more present on the 
Fe–Bi sample. Intrinsic surface defects have been well studied and 
contribute greatly to a higher absorption of laser pulses and decreasing 
Fth values [83–88]. This is in line with the results visible in Fig. 4. 
3.3. Characterization of synthesized NPs 
The targets were ablated in 0.5% citric acid aqueous and ethanol 
solutions and the generated NPs were characterized based on their 
Table 1 
EDX analysis results of the elemental composition of binary metal oxide bulk ceramics. Atomic percentages (at.%) and ratios are shown. ME: high atomic number 
metals (Ta, W, or Bi).   
Fe (at.%) O (at.%) Ta (at.%) W (at.%) Bi (at.%) ME/Fe O/(ME + Fe) 
Fe–Ta 11 ± 3 70 ± 2 18 ± 2 – – 1.7 ± 0.4 2.4 ± 0.3 
Fe–W 19 ± 2 70 ± 3 – 11 ± 1 – 0.6 ± 0.1 2.4 ± 0.2 
Fe–Bi 7 ± 3 82 ± 7 – – 10 ± 4 1.4 ± 0.8 4.7 ± 1.4  
Fig. 1. XRD analysis of binary metal oxide bulk ceramics. a) Fe–Ta, b) Fe–W and c) Fe–Bi.  
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composition to determine the formation of bimetallic oxides. It has been 
shown that the crystallinity of the NPs affects their magnetic properties 
for CE-MRI [89,90]. Thus, attention was also given to the crystalline 
structure of the NPs. In addition, it is well known that the size and 
diameter distribution of NPs depends on scan speed (irradiation dura-
tion) and pulse energy [54,59,64,68]. Hence, the scan speed and fluence 
were kept constant in these experiments to allow the direct evaluation of 
the influence of bulk sample and liquid nature on the synthesized NPs. 
Fig. 5 and Fig. 6 show TEM micrographs and SAED patterns of NPs 
from the Fe–Ta, Fe–W and Fe–Bi samples produced in 0.5% citric acid 
aqueous and ethanol solutions, respectively. The arrows show the area, 
where the SAED data has been acquired. In water, Fe–Ta particles 
(Fig. 5a) showed a spherical morphology without chain formation or 
aggregation. SAED images indicated amorphous states. In contrast, The 
Fe–W NPs exhibited shapes deviating from spherical (Fig. 5b) with SAED 
patterns demonstrating their crystallinity. This was also observed for 
Fe–Bi (Fig. 5c), where the SAED data demonstrated crystalline particles. 
TEM micrographs of Fe–Ta particles (Fig. 6a) produced in 0.5% citric 
acid ethanol solution showed a spherical morphology and amorphous 
states. For Fe–W, even though some smaller crystalline NPs were 
detected, most of the particles were larger, spherically shaped, and 
amorphous in both inner and outer areas (Fig. 6b). In contrast, both the 
Fig. 2. SEM images of binary metal oxide bulk ceramics. a) Fe–Ta b) Fe–W and c) Fe–Bi.  
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larger and smaller NPs produced from the Fe–Bi bulk sample exhibited 
crystallinity in ethanol (Fig. 6c). 
Unlike previous studies of hybrid NP production with chemical ap-
proaches, where Bi and Ta oxides were described as bonding on the 
surface of iron oxide NPs [30,51,52], no core-shell morphology was 
observed. In addition, EDX measurements on NPs was employed to 
analyze their compositions. For larger NPs, multiple EDX measurements 
in the middle as well as the outer areas were measured as shown in one 
example in Fig. 6b. The average results are shown in Table 2. This 
indicated the successful presence of both Fe, as well as Ta, W, or Bi in the 
laser synthesized NPs. This is crucial since the incorporation of high 
atomic number element in the iron oxide lattice has been shown to yield 
NPs suitable for MRI and X-ray imaging [51]. 
The ratio of elements in the NPs was compared to that of the bulk 
ceramics (Fig. 7). For the experiments in water, the ratio of Ta/Fe 
increased in the NPs, which could be due to the loss of Fe during the NP 
production process. This excess was even greater during experiments in 
ethanol. EDX analysis also indicated an increase of the O/(Ta + Fe) ratio 
from the bulk sample to NPs (Fig. 7a) in water, but not in ethanol. 
Similar metal stoichiometry of W/Fe in the NPs and the bulk sample 
were detected in both water and ethanol. Oxygen, however, was lost in 
the NP generation process (Fig. 7b). The NPs synthesized from the Fe–Bi 
sample resulted in a similar Bi/Fe ratio as that of the bulk material and a 
reduced oxygen composition (Fig. 7c). The observed oxygen losses be-
tween the bulk samples and the NPs in both liquids may be related to the 
reductive property of the laser plasma containing partially ionized bulk 
sample material and free electrons in the confined bubble volume at the 
solid-liquid interface [91–93]. 
Overall, all LASiS synthesized NPs showed the successful presence of 
bimetallic oxide phases. Their composition and crystallinity were found 
to be dependent on the ceramic sample and the liquid. NPs of Fe–Ta 
showed the largest ME/Fe composition variations from the bulk material 
and were amorphous in both water and ethanol, while NPs of Fe–W and 
Fe–Bi had a more similar ME/Fe composition to their respective bulk 
Fig. 5. TEM and SAED patterns of NPs produced in 0.5% citric acid aqueous solution from a) Fe–Ta b) Fe–W c) Fe–Bi binary metal oxide bulk ceramics. NPs were 
produced at N = 1206 pulse overlap and F = 3.90 J cm− 2. 
Fig. 4. Fth deduced from the D2-lnF data for experiments on Fe–Ta, Fe–W, and 
Fe–Bi binary metal oxide bulk ceramics in 0.5% citric acid aqueous (grey solid 
columns) and ethanol solution (red striped columns). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
Fig. 3. The squared diameters of the ablated areas for various incident fluences fitted with the D2-lnF equation (lines) for a) Fe–Ta b) Fe–W c) Fe–Bi binary metal 
oxide bulk samples in 0.5% citric acid aqueous (grey circles, solid line) and ethanol solution (red squares, dashed line). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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sample. As the crystallinity of iron oxide NPs is an essential factor for 
their success in CE-MRI applications [89,90], the Fe–W NPs generated in 
water and the Fe–Bi NPs synthesized in both water and ethanol could be 
taken into consideration and after large-scale production, further 
investigated for their applicability as multimodal contrast agents. NPs 
synthesized by LASiS are well-known to be tunable by the ablation target 
morphology, liquid properties, and laser parameters. Hence, further 
investigations using the ceramics and laser ablation method demon-
strated here could enable a targeted production of hybrid NPs with 
desired size, composition, and crystallinity for multimodal imaging. 
4. Conclusions 
In this work, the generation of hybrid NPs combining the oxide 
phases of magnetic and high atomic number metallic elements with 
LASiS was demonstrated. Novel ceramic targets from magnetic iron 
oxide and an oxide phase of Ta, W, and Bi were produced by a reaction- 
sintering method. XRD results confirmed the presence of bimetallic 
oxide phases. In addition, the bulk ceramics varied in their surface 
morphology. Fe–Ta showed a smooth surface, while Fe–W contained 
surface defects and Fe–Bi had the highest inhomogeneity. This 
increasing density of surface defects was in line with the laser ablation 
experiments, where the onset of ablation, Fth, decreased as the 
inhomogeneity increased. 
The ceramic materials were used as laser targets for the generation of 
NPs in aqueous and ethanol solutions with citric acid. While the NPs 
from Fe–Ta were amorphous in both water and ethanol, the Fe–Bi NPs 
generated in both liquids showed crystallinity. Interestingly, only the 
Fe–W NPs were affected by the liquid and were crystalline in water and 
mostly amorphous in ethanol. The synthesized NPs were comprised of 
bimetallic oxide phases and showed the presence of both Fe and the high 
atomic number metals of the respective samples without a core-shell 
morphology. These results demonstrated that fs-laser synthesis of NPs 
from the binary metal oxide ceramics supports the successful production 
of hybrid NPs. Ta, W, and Bi were incorporated in the NPs, which is 
unlike most traditional chemical synthesis methods, where the metal 
oxides are bonded on the surface of iron oxide NPs. The crystalline 
bimetallic NPs synthesized in this work could be further studied for their 
application as contrast agents. 
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Fig. 7. Comparison of elemental composition ratios based on the at.% of bulk samples (white columns) and NPs produced in 0.5% citric acid aqueous (grey solid 
columns) and ethanol solution (red striped columns) measured by EDX and shown in Tables 1 and 2, respectively. 
Table 2 
EDX analysis results of the elemental composition of the NPs synthesized in water and ethanol.    
Fe (at.%) O (at.%) Ta (at.%) W (at.%) Bi (at.%) 
H2O Fe–Ta 5 ± 1 75 ± 4 20 ± 3 – – 
Fe–W 27 ± 4 54 ± 5 – 18 ± 2 – 
Fe–Bi 10 ± 3 76 ± 4 – – 14 ± 2 
EtOH Fe–Ta 5 ± 2 70 ± 5 25 ± 4 – – 
Fe–W 30 + 2 51 ± 2 – 19 ± 2 – 
Fe–Bi 13 ± 3 72 ± 4 – – 15 ± 1  
Fig. 6. TEM and SAED patterns of NPs produced in 0.5% citric acid ethanol solution a) Fe–Ta b) Fe–W c) Fe–Bi binary metal oxide ceramics. NPs were produced at N 
= 1221 pulse overlap and F = 3.77 J cm− 2 fluence. 
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